Abstract: Rokitamycin is a new macrolide containing 16 carbon atoms, strongly inhibitory for Acanthamoeba castellanii, an opportunistic protozoa of humans which cause primarily amoebic keratitis and chronic, but fatal, amoebic granulomatous meningoencephalitis. Chitosan microspheres were prepared as carriers to obtain a controlled release of rokitamycin, able to improve the antiamoebic activity of this drug. The microparticles were in vitro characterised and the efficacy of rokitamycin alone and encapsulated into microspheres on the growth rate of Acanthamoeba castellani was evaluated. The results obtained suggest that spray-drying is a good technique for the preparation of microspheres loaded with rokitamycin. The loading of the drug into the polymeric network leads to an increase in the dissolution rate compared to drug raw material and improves and prolongs the in vitro antiamoebic activity of the drug. Thus, microspheres based on rokitamycin could be used in the therapy of systemic and topical infections caused by Acanthamoeba.
INTRODUCTION
Macrolide antibiotics comprise a large group of drugs characterized by large lactonic cycles with 12, 14, 15, or 16 atoms to which sugars and/or amino sugars are bound. They have been extensively used for the treatment of bacterial infections, as they are able to interfere selectively with protein biosynthesis by binding to the 50S component of the prokaryotic ribosome. Macrolides have broad-spectrum activities against gram-positive and gram-negative bacteria, including actinomycetes and mycobacteria, as well as treponemes, mycoplasmas, chlamydiae, rickettsiae, and some protozoa [1] [2] [3] [4] [5] . Rokitamycin is a semisynthetic 16-membered-ring macrolide of the leucomycin group [6] . Compared to other macrolides and antibiotics, the treatment with rokitamycin is not widespread, though it has been used for therapeutic means in both Europe and Japan [7] . Thus, rokitamycin is actually studied as alternative drug to the analogous macrolide antibiotics, such as erythromycin, against antibiotic-susceptible and or resistant bacteria [8, 9] .
Recently Mattana and co-workers (2004) showed that rokitamycin is strongly inhibitory, in vitro, for Acanthamoeba castellanii and that low doses block the cytopathic effect of A. castellanii against WKD cells derived from the human cornea [10] . The 14-membered-ring macrolide erythromycin, instead, exerts only a modest inhibitory effect on A. castellanii [10] . Other investigators have also reported that the 15-membered-ring macrolide azithromycin is in vitro effective against pathogenic Acanthamoeba [11] . In addition, azithromycin as well as rokitamycin exert amoebistatic activities at their MICs. Furthermore, also azithromycin is able to inhibit the cytopathic effect caused by *Address correspondence to this author at the Department of Drug Sciences, University of Sassari, via Muroni 23/A, 07100 Sassari, Italy; Tel: +39-079-228754; Fax +39-079-228715; E-mail: pgiunc@uniss.it Acanthamoeba trophozoites on different human target cells [10] .
Acanthamoeba are small, ubiquitous, free-living amoebas that can exist as motile trophozoites and double-walled cysts [12, 13] . Since the early 1960s, Acanthamoeba has been recognized as an opportunistic human pathogen capable of causing infections in both immunocompetent and immunocompromised hosts [14, 15] . In particular, Acanthamoeba spp. are the causative agents of granulomatous amebic encephalitis (GAE), a fatal disease of the central nervous system, and amoebic keratitis (AK), a painful sight-threatening disease of the eyes [16, 17] . They have also been associated with cutaneous lesions, arthritis and sinusitis in AIDS patients and other immunocompromised individuals [18] [19] [20] .
Eradication of these protozoa from the infection sites is difficult for the high levels of resistance of both Acanthamoeba trophozoites and cysts to the usual antiprotozoal drugs and because the medical therapy is often less effective against cysts than against trophozoites [21] . Acanthamoeba keratitis therapy has been updated with the introduction of combination of different drugs (cationic antiseptics, aromatic diamidines, chlorhexidine) [22] [23] [24] but, at present, no clinical trial has been attempted for Acanthamoeba systemic infections yet. The therapeutic treatment for GAE is the most problematic; this is due to the weak abilities of many antiamoebic agents to cross the blood-brain barrier (BBB) into the central nervous system (CNS). Therefore, further research is needed to exploit new therapeutic agents and strategies.
These results suggested that rokitamycin might have great potential for the treatment of topical and systemic Acanthamoeba infections. To hypothesize its use in the therapeutic treatment of GAE, nevertheless, additional studies on the pharmacokinetics of these macrolides are needed to clearly demonstrate if these compounds can cross the blood-brain barrier and enter the CNS, since no data on this are apparently available in literature.
On the basis of these considerations, the aim of this study was to assess the feasibility of using biodegradable chitosan microspheres as carriers for controlled release of rokitamycin, able to improve the antiamoebic activity of the drug. Rokitamycin loaded and blank chitosan microspheres were prepared. Under reproducible cultural conditions, the efficacy of rokitamycin alone and encapsulated into microspheres as well as blank microspheres on the growth rate of Acanthamoeba castellani was evaluated.
Chitosan was chosen because it is a biodegradable natural polymer, with great potential for pharmaceutical applications due to its biocompatibility, high charge density, nontoxicity, antimicrobial activity and mucoadhesion properties [25] . Chitosans have been used in the design of different types of drug carriers for various administration routes such as oral, ocular, buccal, nasal, transdermal, parenteral, vaginal. Chitosan dosage forms can be engineered into different shapes and geometries such as nanoparticles, microspheres, hydrogels, films, fibers, sponges and rods [25, 26, [27] [28] [29] [30] [31] [32] .
MATERIALS AND METHODS

Materials
Rokitamycin (Mw: 827.99 g/mol; Purity: 95.2%) (RK) was a kind gift from Grunenthal Formenti Laboratories (Milan, Italy). Chitosan Chitoclear ® TM 1283 (Mw: 282 kDa; Deacetylation: 96%; Viscosity: 224 cP) (C) was kindly donated by Primex Ehf (Siglufjordur, Islanda). Acetic acid (99.8%, Sigma-Aldrich, Milan, Italy), ethanol (95-96%, R.P. Normapur, Prolabo, Paris, France), 2-propanol (Fluka, Schnelldorf, Germany) and dimethyl sulphoxide (Prolabo, Fontenay, France) (DMSO) were used. Ultrapure (MilliQ) water was produced by an ultrapure water system (Millipore, Tokyo, Japan). Acetonitrile Chromanorm ® HPLC grade (Prolabo, Paris, France) and ammonium acetate (Puriss, Ph. Eur., Sigma-Aldrich, Steinheim, Germany) were employed.
All the reagents used are of analytical grade.
Preparation of Spray-Dried Microspheres
The preparation of microspheres was carried out using a spray-drying technique.
Rokitamycin loaded microspheres, RK-C 1 and RK-C 2, were prepared using 1:3 and 1:4 drug-to-polymer weight ratios, respectively. Feed solutions of 1% (w/v) concentration were prepared dissolving 1 g of solid (C plus RK) in 100 mL mixture of ethanol-water-acetic acid, in the ratio 50-49-1 (v/v) by magnetic stirring.
Microspheres were made by spraying the feed solutions with a Spray-dryer Mini Büchi B-191 (Büchi LaboratoriumsTechnik AG, Flawil, Switzerland). The solutions, kept on magnetic stirring, were fed to a 0.7 mm nozzle with a peristaltic pump (15%), atomised by the force of compressed air (2 bar and 450 l/h) and blown together with heated air (115°C) to a chamber where the solvents evaporated. The aspirator was set at 90%. The dry particles were then cooled down and collected in the high-performance cyclone.
Applying the same spraying parameters, blank microparticles based on chitosan (Cb) were prepared as comparison.
The formulations obtained were put in a desiccator under vacuum for at least 24 h before their characterisation.
The weight of the powder produced was measured and the yield of production was calculated as the weight percentage of the final amount with respect to the initial amount of drug and polymer in the feed solutions.
Determination of Drug Content and Encapsulation Efficiency
An exact amount of RK-C 1 and RK-C 2 microspheres (5 mg) was weighed and dissolved with 400 L DMSO. Then, 25 mL phosphate buffer pH 6.5 was added and the solution was leaved on magnetic stirring for 10 min. Afterwards, 1 ml of solution was transferred to an Eppendorf and centrifuged for 10 min at 13,000 rpm. The supernatant was analysed with the HPLC method described below.
RK is a drug with poor water wettability and its solubility is dependent on the pH of the medium [33] . The solubility of the drug in phosphate buffer pH 6.5 was previously determined [34] .
Each formulation was analysed in triplicate, each replicate injected in duplicate.
Standard curves were made showing linearity in the range 0.25 mg/L to 70 mg/L (R 2 = 0.999).
The amount of effectively encapsulated drug (real drug content) was calculated as the experimentally detected amount of RK in microspheres with respect to the theoretical amount of the drug used for the preparation of particles and expressed as percentage. The encapsulation efficiency was determined from the ratio between the real drug content and the theoretical and expressed in per cent.
Particle Size and Morphological Analysis
Particle size and particle size distribution of the microspheres were determined using Coulter Laser diffractometric equipment (Coulter LS 100Q, Beckman Coulter Particle Characterization, Miami, Florida, USA). 2-propanol was used as the dispersion medium for the microspheres. Analyses were performed at room temperature under gentle magnetic stirring of the suspension.
Microspheres (3 mg) were dispersed in 1 mL dispersion medium and sonicated for 2 min before analysis.
The results reported are the averages of the replicates' averages. The average particle size of the microspheres was expressed as the mean volume-surface diameter, d vs ( m).
The morphology of the microspheres was studied by Scanning Electron Microscopy (SEM). Samples of microspheres were placed on double-sided tapes, which had previously been secured on aluminium stubs, and analysed after gold sputtering at 20 kV acceleration voltages under an argon atmosphere. The images were acquired.
In Vitro Drug Release
In vitro rokitamycin release tests from microspheres were performed with a USP dissolution apparatus (Erweka DT 70, Erweka GmbH, Heusenstamm, Germany), using the rotating basket method (Apparatus 1) and phosphate buffer pH 6.5 as dissolution medium (400 mL). The temperature was set at 37 ± 0.5°C with a rotational speed of 50 ± 1 rpm. The sink con-ditions were assured. An amount of free drug or microspheres corresponding to 2 mg of RK were used. At predetermined times (5, 10, 15, 20, 25, 30, 45 , 60, 90, 120 and 180 min), 1 mL samples were withdrawn and the sample volume was replaced with fresh phosphate buffer. The samples withdrawn were centrifuged for 10 min at 13,000 rpm and the supernatant analysed.
The amount of rokitamycin released, at each time point, was quantified with the HPLC method below described. The tests were performed in triplicate As comparison, dissolution rate of RK in the same conditions was determined.
HPLC Method for the Determination of Rokitamycin
The analytical HPLC method for the quantitative determination of rokitamycin is a modification of the method presented by Tod and co-workers (1992) [35] . Rokitamycin was detected by UV at 230 nm. The elution time was 10 min and the retention time of RK was about 5.7 min. All analyses were carried out at room temperature.
The interference of the polymers, phosphate buffer pH 6.5 and DMSO on the chromatograms was checked.
Amoeba Cultivation
Amoeba cultivation was performed using trophozoites of A. castellanii isolated from the corneal ulcer of a soft contact lens wearer (Marche Polytechnic University, Ancona, Italy) that were axenically grown at 25°C in peptone-yeast extractglucose (PYG) medium [36] . The species identification of this isolate was based on cyst morphology and indirect immunofluorescence microscopy. Before the experiments, universal bacterial primers were used to detect any bacteria that may have been present, and protozoa were tested by PCR [37] and were found to be free of any contamination. Amoebas used as inocula were taken from logarithmic-phase cultures. Incubation at 37°C was routinely adopted for drug testing, as previous observations have shown that this Acanthamoeba isolate is able to grow at this temperature.
Evaluation of Cell Viability
Cell viability was determined by staining the amoebas with nigrosin (0.25% w/v in PBS buffer) and examining them in a hemacytometer (Nageotte chamber) with an inverted microscope (Zeiss, Tilaval 31) equipped with a 20 lens objective. In our experiments, trophozoites with viability higher than 95% were employed.
Determination of Effects of Drug and Microspheres on Acanthamoeba Growth
Rokitamycin was made up as stock solution containing 20 mg/mL in 95% (v/v) ethanol. The solution was sterilized by filtration through a 0.22 μm pore-size filter (Millex-GS; Millipore, Molsheim, France). Preliminary tests with ethanol were performed to ensure that no trophozoite inhibition occurred at the concentrations used.
Briefly, RK-C 1 microspheres, selected on the basis of in vitro characterization results, were dispersed in PYG medium at 75 μg/mL concentration of drug. Instead, drug-free microparticles were dispersed at 300 μg/mL: in such way, the effect of the highest amount of microspheres employed was tested. Experiments were performed in sterile 24-well plates (Corning). Serial twofold dilutions of the drug alone and of microsphere dispersions were prepared in PYG medium. Control wells received 1 mL of PYG medium in place of drug or microsphere dilutions. The amoebas, which were washed twice in phosphate-buffered saline pH 7.2 (PBS), were suspended in PYG medium at a density of 8 10 3 cells/mL or 1.6 10 4 cells/mL. One millilitre of the calibrated trophozoite suspension was added to each well, and then the plates were sealed and incubated at 37°C in a 5% CO 2 atmosphere. Tests were performed in duplicate and were repeated at least three times. At selected time intervals (3, 4, 7, 9 and 15 days of incubation), amoebas growing in each well were counted in a Nageotte chamber, using the inverted microscope.
Statistical Analysis
Statistical differences between groups were determined using a two-tailed Student's t-test (GraphPad Prism, version 2.01; GraphPad software Incorporated). The difference was considered significant when P < 0.05.
RESULTS
Preparation of Microspheres and Drug Content Determination
Spray-drying appears to be a suitable method to encapsulate RK in chitosan. The microspheres are obtained with good yields (50-54%) and by a rapid time of production (5 mL/min). The loss of material could be explained, as previously reported, as a consequence of the relatively low volumes of feed solution sprayed for each batch of microspheres and by the structure of the spray-dryer apparatus, which is not equipped with a trap to recover the smallest and lightest particles which are exhausted by the aspirator [38] .
The drug loaded quantification shows that the real drug content is close to theoretical value giving high encapsulation efficiencies ( Table 1) . RK-C 1 shows the highest yield of production and encapsulation efficiency.
Polymers do not interfere on the quantification of drug by HPLC analysis. The solubility of RK, in phosphate buffer pH 6.5, results of 792.31 mg/L.
Particle Size and Morphological Analysis
Size and size distribution of microparticles were measured by laser diffractometry. Data are listed in Table 1 .
The encapsulation of RK into chitosan microspheres results in a smaller dvs compared to free RK and Cb formulation and in a change of particle size distribution: drug free microspheres are larger than loaded microparticles; it could be due to the higher viscosity of the feed solution of Cb compared to RK-C 1 and RK-C 2 since the feed rate of polymeric solution can influence the particle size [39, 40] .
When Cb particles are observed by SEM it would seem that microspheres are characterized by wide particle size distribution; however they show a Gaussian distribution curve when analysed by laser diffractometry. This can be explained with the use of ultrasounds for suspending the particles before laser diffraction analysis that could break the aggregates observed to the SEM.
RK-C 1 and 2 Show Bimodal Curves
T he morphology of the microspheres was examined using SEM. Microspheres produced show spherical shape and smooth surface (Fig. 1) ; only a few particles of Cb (Fig. 1C) have wrinkled surface.
No free drug crystals are found outside the particles confirming the effectiveness of RK encapsulation.
In Vitro Drug Release
In vitro release of rokitamycin from microspheres and the dissolution rate of pure drug were evaluated. Fig. (2) illustrates the results.
RK shows a slow dissolution rate: 6.5% of drug dissolves in the medium within 5 min; the dissolution rate slightly increases and only 14% of RK is recovered in buffer after 180 min.
As far as the formulations are concerned, they are characterized by different dissolution profiles during the first hour of the test (P < 0.05) being the drug release rate from RK-C 1 lower than RK-C 2 and only after 25 min a very small amount of drug is recovered in the dissolution medium. This can be due to the presence of an higher amount of chitosan in RK-C 2. It is known that chitosan and its salts are able to increase the solubility of poorly water-soluble drugs [41, 42, 29] . However after 1 h, the RK release rate from RK-C 1 increases and no statistical differences are observed on the total amount of drug recovered in the dissolution medium at the end of the test which resulted of 14% and 27% in case of RK-C 1 and RK-C 2, respectively. Data not reported show that RK-C 1 release profile remarkably still increases and after 6 h the curves of formulations are almost superimposed while RK dissolution rate is still very slow. Thus the encapsulation of RK into chitosan microspheres determines an improvement of the dissolution rate of the drug with regard to the drug to polymer used. The different dissolution behavior between free RK and RK-C 1 and RK-C 2 along the time, can be attribute to the smaller particle size of the formulations compared to the free drug.
On the basis of these results and considering the higher yields of production and encapsulation efficiencies obtained in case of RK-C 1 compared with RK-C 2, the first formulation is selected for the in vitro microbiological study.
Effects of Drug and Microspheres on Acanthamoeba Growth
It has been previously showed that the lowest rokitamycin concentrations that cause complete (100%) inhibition of A. castellanii growth (MIC100) at days 2, 3, and 6 are respectively 4.68 μg/mL, 18.75 μg/mL and 37.50 μg/mL and that the drug exerts amoebistatic activity at its MIC100 [10] . So, to evaluate the difference between the effect of free and encapsulated drug in chitosan microspheres on Acanthamoeba growth, in initial experiments RK was employed in dose equal to MIC100 at 3 days of incubation (18.75 μg/mL). The evaluation of Acanthamoeba growth curves shows that 8 10 3 trophozoites/well, after 15 days of incubation at 37°C, in control cultures produce about 2.5 10 5 amoebas/well, with doubling times of about 72 h. Under the same experimental conditions (Fig. 3) , chitosan microspheres, Cb, do not alter the Acanthamoeba growth while the pure drug, RK, exerts amoebistatic activity that gradually decreases over time. On the contrary, the use of RK-C 1 microspheres causes complete antiamoebic activity until 15 days of incubation.
Fig. (2).
In vitro release profiles of RK from RK-C 1 ( ) and RK-C 2 ( ) microspheres compared with the dissolution rate of pure RK ( ); data are reported as means ± SD (SD less then 4%); n = 3. Two-tailed t-test: #: P < 0.05 compared with RK-C 2 formulation; *: P < 0.05 compared with RK. Fig. (3) . Growth curves of A. castellanii suspended in PYG medium at a density of 8 10 3 trophozoites/ml in the absence (control) or in the presence of drug, drug-loaded and free microspheres and cultured in sterile plates at 37°C in a 5% CO 2 atmosphere. RK was employed in dose of 18.75 μg/mL which corresponds to MIC100 at 3 days of incubation. Values are means ± the standard errors (SE) of four experiments.
According to these results, the same test was carried out incubating 1.6 10 4 /well A. castellani trophozoites with different doses of RK (9.37 μg/mL and 37.5 μg/mL) in both free and encapsulated forms. In this case, after 15 days of incubation at 37°C, control cultures produce about 4.86 10 5 amoebas/well, with doubling times of about 72 h.
The growth curves, shown in Fig. (4) , confirm that chitosan does not affect the trophozoites growth even if at 150 μg/mL concentration and RK pure drug generate significant growth inhibition depending on dose and time exactly like the previous study (P < 0.05). Fig. (4) . Effects of drug and microspheres on Acanthamoeba growth using different drug concentrations (9.37 μg/mL and 37.5 μg/mL); a density of 1.6 ± 10 4 trophozoites/ml in the absence (control) or in the presence of drug, drug-loaded and free microspheres and cultured in sterile plates at 37°C in a 5% CO 2 atmosphere. Values are means ± SE; n = 6.
Moreover, these growth curves demonstrate also that the antiamoebic activity of RK encapsulated in chitosan microspheres is dose-and time-dependent and that, up to 9 days there are not differences between RK and RK-C 1 used at the same concentration (P > 0.05). Nevertheless, from day 9 to day 15 of incubation both RK-C 1 concentrations (9.37 μg/mL and 37.5 μg/mL) show significantly greater inhibition capacity on Acanthamoeba castellanii growth than RK alone (P < 0.05); besides, the growth curve of 9.37 μg/mL RK-C 1 is superimposable with that obtained using free RK at 37.5 μg/mL concentration (P < 0.05) (Fig. 4) .
CONCLUSIONS
The findings obtained assessing the feasibility of using biodegradable chitosan microspheres as carriers for controlled rokitamycin-release, now suggest that the 16-membered semisynthetic macrolide can be formulated into spray-dried microspheres. In addition they indicate that the loading of rokitamycin in the chitosan microspheres improves and prolongs the in vitro antiamoebic activity of the drug. Further in vitro and in vivo studies are in progress to analyze the susceptibilities of other pathogenic Acanthamoeba isolates to both free RK and RK-C, and to investigate the potential use of microspheres based on chitosan and its salts as carrier for ocular application for the therapy of keratitis as well as to target the drug to the brain by nasal administration as possible strategy for the therapeutic treatment of GAE. Nevertheless, data reported here suggest that microspheres based on rokitamycin could be used in the therapy of systemic and topical infections caused by Acanthamoeba.
